The Measurement of Renal Permeability using Labelled Macromolecules Brewer (1951) described a method of measuring renal permeability to macromolecules by determining the renal clearances of three isolated dextrans of different molecular size in rabbits. Wallenius (1954) extended these studies in dogs and, later, human volunteers (Wallenius & Arturson 1964) and clearly demonstrated the value of the technique for investigating glomerular permeability. The Wallenius technique isolated only 6-8 fractions and involves the injection of quantities of dextran sufficient to produce a significant expansion of plasma volume; there is some evidence that this may alter glomerular permeability (Terry et al. 1948) . Despite these criticisms dextran is theoretically an ideal substance for such studies as it is polydisperse with a wide molecular weight range; it is inert, uncharged and is neither secreted nor reabsorbed by the renal tubule (Brewer 1951). This paper describes the measurement of glomerular permeability to radioactively labelled dextran and polyvinyl pyrollidone (PVP) by a single injection technique. The molecular size distribution and concentration of the labelled polymer was determined in serum and urine by gel filtration on Sephadex G200 (Pharmacia). By this technique it has been possible to measure the urine/plasma ratio over a wide continuous spectrum of molecular sizes.
Materials and Methods
Labelled polymers: Allyl groups were randomly attached to dextran molecules of two dextrans, Pharmacia fractions D4 and D5, so permitting subsequent iodinations with radioactive iodine isotopes 1311 or 1251 (Brooks et al. 1960) . D5 is a 30 transfusion dextran with an average molecular weight of 68,000 and D4 is a fraction of average molecular weight 10,000. lodinated PVP, of average molecular weight 38,000, was obtained as a sterile isotonic pyrogen-free solution from the Radiochemical Centre, Amersham, Bucks, England.
Gel filtration: Gel filtration was performed on Sephadex G200 by standard methods (Ratcliff & Hardwicke 1964) . Columns 65-70 x 2 cm were equilibrated and eluted with 1 % sodium chloride. Two-millilitre samples of serum, urine or labelled polymer were layered between the surface of the gel bed and the eluting fluid and two-millilitre fractions of the eluate were collected.
Protein concentration in the eluate was determined by ultraviolet light absorbency at 280 V. The radioactivity of the fractions was measured in a well-type activated sodium iodide scintillation counter and scaler incorporating a pulse height analyser.
The void volume (V.) of each column was determined by noting the peak elution volume for blue dextran (Pharmacia) and the total volume (Vt) by measuring the elution volume of free radioactive iodide.
Cross-linked dextran gels separate macromolecules on the basis of diffusion constant or molecular radius (Killander & Laurent 1964 , Andrews 1965 . While the data are as yet incomplete for these gels, by using the constants of gel volume (Vt-Vo) and tube of elution (Ve) it is possible to express the tube of elution in terms of Kav (Killander & Laurent 1964) where Kav=VeVo-Vt-Vo As a first approximation it can be showti empirically that log (1-Kav) is related to molecular radius (Killander & Laurent 1964) though with increasing data it seems probable that 1-Kav is directly proportional to log molecular radius over a considerable molecular size range (Ackers 1964) .
Clearances
Serial clearances were performed on anwsthetized young male rabbits, following the intravenous injection of 1-5 pc of labelled polymer; 0-2 ml 10% albumin was added to each urine sample prior to fractionation and the separations of serum and urine were aligned on the basis of the albumin peak.
When the urine/plasma (U/P) ratio is plotted for each tube of elution an increase of U/P occurs up to a limiting ratio approximating to the creatinine U/P ratio. If each U/P ratio is now expressed as a percentage of this limiting U/P value and plotted against molecular radius a typical normal distribution of permeability against molecular size is found (Fig 2) . The initial serum sample shows a distribution of activity very similar to that of the injected material. The sample obtained at the end of the clearance period shows a reduction in activity in all fractions, this reduction being most marked in the lower molecular size range; this is reflected by the -appearance of the same material in large amounts in the urine. Analysis of serial serum separations shows a logarithmic decay in activity with time for each fraction; the logarithmic mean of the paired samples was therefore taken as the mean serum concentration over the appropriate clearance period.
Twelve clearances on 8 rabbits have been performed and statistical analysis of the probit transformation data shows that the slope and the intercepts of the PVP and dextran regressions do not differ significantly from the combined regression (Table 1) . These results resemble those obtained by Wallenius in dogs, although our slope is steeper. The same technique can be applied to normal humans by injecting 50-75 ,uc of PVP 1i)1 or 126I and performing serial one-hour clearances. Preliminary work has shown that the method is also applicable to the study of glomerular permeability in patients with renal disease, with or without proteinuria. Fig 3 shows the result of a PVP clearance in a patient with membranous glomerulonephritis associated with the nephrotic syndrome, compared with a normal clearance. Although there is an absolute increase in permeability to the higher molecular sizes, as expected, there is also impaired permeability to the lower molecular sizes of polymer. This latter observation may have some relevance in chronic renal failure since disproportionate retention of polypeptides or other macromolecules in the molecular weight range 5,000-30,000 may occur. Hardwicke (1965) has shown that a similar method of separation and calculation of U/P ratios for proteins in serum and urine from patients with proteinuria will yield regressions of log U/P on log molecular size; the slopes of such regressions varying with the type of the renal lesion. These results compare closely with simultaneous immunological protein clearances. Provided that the U/P ratio does not exceed about 30%Y of the limiting or creatinine U/P ratio this use of log U/P (instead of permeability as a percentage of glomerular filtration rate) can be expected to give the linear relationship found. We have carried out 14 concurrent PVP and protein analyses in 7 patients with heavy proteinuria and a close parallelism between the slopes was found in each case (Table 2 ).
Discussion
In this study, dextrans of molecular weight 10,000 and less had a clearance identical to water across the glomerular membrane whereas molecules of about 50,000 were virtually excluded from the glomerular filtrate. These limits are rather tighter than those obtained by Wallenius & Arturson (1964) and the decrease in clearance with increase in molecular size is steeper; we believe that this reflects a better resolution of molecular size by the Sephadex chromatography, since the Wallenius turbidimetric method only resolves into 6-8 fractions, as compared with 20-30 by our method over the relevant molecular size range. An additional advantage of using radioactively labelled polymer is that only 10 mg of polymer is required; this produces no significant alteration in plasma colloid osmotic pressure. Clinical studies in patients with the nephrotic syndrome associated with minimal glomerular damage by light microscopy, and also in patients excreting Bence-Jones protein, have shown regression slopes very close to the normal values. In other patients with heavy proteinuria and more severe glomerular lesions a considerable flattening of the slope has been observed; this flattening results not only in an increased permeability to fractions of higher molecular size, but also in an actual diminution in permeability relative to water clearance for the smaller macromolecules. Brandt et al. (1950) have observed a similar reduction in himoglobin clearance compared to inulin clearance in some patients with the nephrotic syndrome. Until now the permeability of the diseased glomerulus has been estimated by analysis of the urinary losses of various serum proteins in relation to their molecular sizes (Blainey et al. 1960) . Even in severe proteinuria only a very small proportion of the total glomerular membrane can be permeable to these serum proteins, and it seems likely that studies of the type reported here, covering a wide molecular size range, may give a more meaningful estimate of the functional glomerular disorder. It is to be hoped that such estimates will correlate more rationally with the histological findings in renal disease.
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The Clinical Significance of Glomerular Permeability Studies This paper is concerned only with glomerular permeability to large molecules, i.e. those having a molecular weight of 40,000 or more. The results discussed were obtained only from patients losing larger quantities than normal of these molecules into the urinepatients with heavy proteinuria and its clinical consequence, the nephrotic syndrome.
Many attempts to gain useful information from qualitative studies of proteinuria failed in the past because the techniques available were not adequate. In 1960 Blainey et al. suggested that measuring the selectivity of proteinuria in nephrotic patients by the method of Soothill (1962) provided useful information, if the measurements were related to the histology of renal biopsies. This paper gives a summary of some of the results accumulated to date in a study of the nephrotic syndrome. This is now entering its fourth year, and one of its aims has been to correlate the clinical and laboratory findings with selectivity studies on proteinuria.
The method used to assess selectivity is a modification of that of Soothill (1962) and has already been described in detail (Joachim et a!. 1964 , Cameron & White 1965 . It consists in essence of measuring by immunochemical means the urinary clearance (UV/P) of five to seven plasma proteins, ranging in molecular weight from 4 x 104 to 130 x 104. The clearance of each protein is expressed for each patient in terms of a percentage of the clearance of one protein (transferrin) found in that patient. The molecular weights are expressed as units of 104, and the regression line of log clearance upon log molecular weight is calculated. This relationship is substantially linear in virtually all patients, clearance decreasing as molecular weight increases. The angle of this regression line, called 0, is taken as the index of selectivity for that particular set of clearances in that patient, and has been observed to vary from 79 degrees ('highly selective') down to 35 degrees ('non-selective').
This assumption ofa linear relationship between log clearance and log molecular weight is an arbitrary one, and is unlikely to be absolutely true in view of the complex structure of the glomerular filter. Deviation from linearity has been noted particularly with orosomucoid (m.w. =40,000) whose clearance is regularly less than would be anticipated from the clearances of larger proteins. The approximation (0) is ofcourse only an arbitrary summary of a complex set of data, but is suitable for clinical use.
Performance of selectivity studies in heavily proteinuric patients has been useful in their clinical management, particularly in prognosis, and is now a standard part of our assessment of *Five of these children did not satisfy all criteria for the diagnosis of the nephrotic syndrome. Three of these 5 had Henoch-Schonlein purpura and nephritis, as did 5 other full nephrotic children and one adult, all with proliferative glomerulonephritis, and one child with 'minimal change' * Steroids = the effect of a six-week course of steroids (prednisolone in nearly all cases) was observed as well as a measurement of the selectivity of the proteinuria
